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ABSTRACT

The development of antibiotic resistance among infectious bacteria is a serious public
health problem. Methicillin resistant Staphylococcus aureus (MRSA) infections in particular
have affected society for generations, demanding the need for new treatment options focused on
previously untargeted mechanisms. The trans-translation pathway presents a good target for
novel antibiotic development because it is universally conserved among bacteria and is essential
for survival. This pathway uses two key components, SmpB and transfer-messenger RNA
(tmRNA), which release stalled ribosome complexes that would otherwise accumulate and result
in cell death. Identification of small molecule inhibitors against this pathway in MRSA has
revealed a set of promising novel antibiotics that could one day treat this deadly infection.
Forty-six Kenneth Keiler Laboratory (KKL) compounds that inhibit trans-translation in
E. coli were identified in a high-throughput screen. Broth microdilution assays showed that four
of these compounds inhibit growth of S. aureus strains, including MRSA, at concentrations as
low as 0.7 µM. This is comparable to antibiotics in current use, such as vancomycin or
clindamycin. All four compounds are oxadiazoles, characterized by a central five-membered
heterocyclic ring and flanking phenyl derivatives. An in vitro trans-translation assay was
established using S. aureus tmRNA and SmpB, and was used to evaluate the activity of these
compounds. Inhibition of trans-translation was observed at levels nearing 25%. In contrast, no
inhibition of translation was observed, indicating that these compounds specifically target transtranslation.
Bacterial cytological profiling (BCP) was adapted and optimized for use with suspected
trans-translation inhibitors. BCP is a technique that takes advantage of the unique cell
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morphologies that arise when bacteria are treated with antibiotics. Cell size and shape are
visualized using fluorescence microscopy and quantified using image analysis software. Data can
then be statistically compared and used to understand the cellular pathways targeted by various
antibiotics. This technique was used to eliminate possible drug targets of KKL compounds,
further suggesting that trans-translation is the target of inhibition.
These results indicate that trans-translation may serve as a target for the development of
antibiotics to treat MRSA.
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CHAPTER 1
Introduction
The development of antibiotic resistance among infectious bacteria is a serious public
health problem. Methicillin resistant Staphylococcus aureus (MRSA) infections in particular
have affected society for generations, demanding the need for new treatment options focused on
previously untargeted mechanisms. The trans-translation pathway presents a good target for
novel antibiotic development because it is universally conserved among bacteria and is essential
for survival. The goal of my project was to identify inhibitors of trans-translation in MRSA that
may one day become antibiotics.
Staphylococcus aureus (S. aureus) is a spherical, gram positive bacterium which
colonizes the skin and nostrils of nearly 30 percent of the human population.1, 2 S. aureus takes
different pathogenic forms such as methicillin sensitive S. aureus (MSSA) and methicillin
resistant S. aureus. MSSA is partially resistant to beta lactam antibiotics whereas MRSA is
completely resistant. Beta lactam antibiotics includes penicillin and cephalosporin which were
once the most commonly used antibiotics to treat S. aureus infections.
S. aureus causes a wide range of infections including skin and tissue infections, food
poisoning, bacteremia, toxic shock syndrome and septic arthritis. 3 MRSA infections take similar
forms however are more severe due to the increased difficulty of treatment. These infections may
start as a minor scrape or pimple and become a serious and potentially fatal infection. 4 Treatment
requires many doses of antibiotics and in severe cases, even surgery. 5
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MRSA infections, once confined within health care facilities, are becoming increasingly
common within the community.6 Healthcare associated MRSA infections are the result of
exposure to the bacteria in a hospital setting. 7 Community associated MRSA on the other hand, is
acquired by an individual who has not been recently hospitalized. 7 MRSA infections from both
healthcare and community associated strains result in an estimated 80,000 invasive infections
and 11,000 deaths every year in the United States. 8 With such a large number of infections and
the continued emergence of community associated MRSA, the threat of increased antibiotic
resistance is even greater.
Antibiotic resistance is the ability of a microorganism to withstand the effects of an
antibiotic.8 Bacteria gain antibiotic resistance either through random mutation and selection or
the acquisition of resistance genes from other bacteria. In general, there are four ways bacteria
deal with antibiotics: prevent entrance of the antibiotic into the cell; remove the antibiotic from
the cell; mutate the antibiotic target; or inactivate the antibiotic itself.
Contributing to the increase in antibiotic resistance is the use, misuse and overuse of the
antibiotics themselves. When antibiotics are used, an environment is created in which most
bacteria die. A small number of bacteria may have a resistance mechanism allowing the cell to
survive and replicate. This results in a bacterial strain with the ability to resist future antibiotic
attack. Although this situation is unavoidable, there are human actions which accelerate the
problem.
Individuals who do not complete their full course of antibiotic treatment in the
recommended manner increase the likelihood of selecting for antibiotic resistance in bacteria. 9
Patients often don’t complete their full course of treatment simply because they are already
feeling better. Additionally, doctors may incorrectly prescribe antibiotics due to pressure from
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patients, compounded by a lack of rapid diagnostic tests to verify bacterial illness. The excessive
use of antibiotics in animal feed also contributes to an increase in antibiotic resistance. This
seemingly beneficial action results in healthier livestock, but simultaneously selects for
increasingly stronger bacteria to survive. 9
Over the past sixty years, S. aureus has gained resistance to many antibiotics, including
penicillin, methicillin and more recently against the once last-line antibiotic, vancomycin.10,11
Drug-resistant S. aureus emerged shortly after the discovery and widespread use of penicillin in
the late 1940’s. Methicillin was invented and became popular in the late 1950’s, and the first
MRSA strains were identified only twelve years later.12 More recently, in the late 1990’s, S.
aureus acquired resistance to vancomycin. These strains are known as vancomycin resistant S.
aureus (VRSA).12 The ability of S. aureus to quickly gain antibiotic resistance has affected
society for decades, causing a perpetual demand for new treatment options.
Novel inhibitors aimed towards new targets must be identified for use as up-and-coming
antibiotics. The trans-translation pathway presents a good target for novel antibiotic
development because it is universal among bacteria, required for their survival and is found only
within prokaryotes. These characteristics mean that inhibitors found to target this pathway have
the potential to become safe, broad-spectrum antibiotics. Additionally, saturating mutagenesis
studies have yet to reveal any resistant mutants to currently identified inhibitors. This result
suggests that antibiotic resistance against these inhibitors would be slow to emerge.
trans-Translation functions as a quality control mechanism that releases stalled ribosomes
unable to continue translation (Figure 1). These events occur frequently due to the translation of
truncated or damaged mRNA lacking a stop codon. The two main components of transtranslation are a dual action transfer-messenger RNA (tmRNA) and an accessory protein,
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SmpB.13 tmRNA is a special RNA which acts initially as a tRNA, adding an alanine to the
previously growing polypeptide, and then as an mRNA, where an open reading frame is
translated by the ribosome. Translation of the open reading frame results in the addition of a
sequence of amino acids which targets the protein for proteolysis. 13 This process frees the stalled
ribosome, releases the mRNA and allows the polypeptide to be degraded in the cytoplasm. When
trans-translation is inhibited, bacterial cells cease to grow, making the pathway a promising
target for antibiotic development. 14

Figure 1: trans-Translation. trans-Translation releases all components of the non-stop
ribosome complex. tmRNA-SmpB enter the A site after recognizing a stalled ribosome at the
3’ end of an mRNA lacking a stop codon. An alanine carried by tmRNA is added to the
nascent polypeptide and the tag reading frame is transferred to the mRNA decoding center
where translation resumes using tmRNA as a message. Translation is then terminated via a
stop codon in tmRNA. (Figure reproduced with permission. 13)

Forty-six compounds that inhibit trans-translation in E. coli were identified in a highthroughput screen.14 Due to the universal nature of trans-translation, inhibitors targeted against
E. coli were hypothesized to show similar success against MRSA. Broth microdilution assays
showed that four of these compounds inhibit growth of S. aureus strains, including MRSA, at
concentrations as low as 0.7 µM. This inhibitory concentration is comparable to antibiotics in
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current use, such as vancomycin.15 All four compounds are oxadiazoles, characterized by a
central five-membered heterocyclic ring and flanking phenyl derivatives.
An in vitro trans-translation assay was established using S. aureus tmRNA and SmpB
and was used to evaluate the activity of these compounds. Inhibition of trans-translation was
observed at levels nearing 25%. In contrast, no inhibition of translation was observed, indicating
that these compounds specifically target trans-translation.
Bacterial cytological profiling (BCP) was adapted and optimized for use with suspected
trans-translation inhibitors. BCP is a technique which takes advantage of the unique cell
morphologies that arise when bacteria are treated with antibiotics. 16 Cell size and shape are
visualized using fluorescent microscopy and quantified using image analysis software. Data can
then be statistically compared and used to understand the cellular pathways targeted by various
antibiotics. This technique was used to eliminate possible drug targets of KKL compounds,
further suggesting that trans-translation is the target of inhibition.
These results indicate that trans-translation may serve as a target for the development of
antibiotics to treat MRSA.
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CHAPTER 2
In Vitro trans-Translation Assay

Background
Origin of inhibitors: high throughput screening 14
A cell-based high throughput screening (HTS) assay was used to detect possible
inhibitors of trans-translation in E. coli. This screen uses an E. coli strain constructed with the
firefly luciferase gene, luc, inserted into the chromosome. luc encodes a luciferase enzyme which
produces detectable luminescence in the presence of its substrate, luciferin. A trpAt
transcriptional terminator was added before the stop codon of this gene and as a result, mRNA
lacking a stop codon is produced when luc transcription is induced. Non-stop complexes are
formed in the cells due to the translation of these mRNA’s. The non-stop complexes are resolved
by trans-translation, resulting in the degradation of luciferase and consequently the absence of
luminescence. In the presence of a trans-translation inhibitor, luciferase is not degraded and
therefore luminescence is detected.
Six hundred sixty-three thousand compounds were screened using this method, revealing
178 possible inhibitors of trans-translation. This screen was completed in collaboration with the
Genomics Institute of the Novartis Research Foundation. Forty-six compounds were chosen for
further investigation, and 12 were available for use with MRSA.
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Results
Identification of inhibitors effective against MRSA
Broth microdilution assays were performed using MRSA USA300-NRS384, a
particularly virulent strain of drug resistant S. aureus. Four inhibitors showed especially
outstanding results: KKL-35, KKL-10, KKL-40, KKL-52 (Table 1, Figure 2). These compounds
have minimum inhibitory concentrations (MIC) equal to or better than current antibiotics, such
as vancomycin or clindamycin (Table 1). The four lead compounds were selected to undergo
secondary screening using a trans-translation assay.
Table 1: Inhibitor activity against MRSA USA300-NRS384

*Data represent the average and standard deviation of three independent repeats.
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Figure 2: Structures of lead compounds. The four lead compounds are oxadiazoles,
characterized by a central five-membered heterocyclic ring. Phenyl or heterocyclic ring
derivatives are attached to the central ring either directly or through an amide linkage.
Variation of phenyl group substituents results in differing activities within the cell.

In vitro trans-translation assay verifies trans-translation inhibition in MRSA
An in vitro trans-translation assay was adapted to screen lead compounds for activity
against trans-translation. Protein synthesis reactions were developed, incorporating transtranslation activity from MRSA tmRNA-SmpB. This is the first time tmRNA and SmpB were
purified from a S. aureus strain and the first demonstration that these components are actively
compatible with E. coli ribosomes and translation factors.
The genes for S. aureus tmRNA and SmpB, ssrA and smp,B respectively, were amplified
from genomic DNA of MRSA USA300F and cloned into a plasmid. From this plasmid, smpB
was amplified and cloned into an expression vector which was transformed into E. coli. SmpB
protein was overexpressed, harvested and then purified using nickel-affinity and ion exchange
chromatography. ssrA was amplified from the original plasmid, and tmRNA was synthesized by
in vitro transcription. tmRNA was purified by gel electrophoresis extraction.
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Protein synthesis reactions were developed using purified MRSA tmRNA-SmpB and E.
coli transcription and translation machinery along with non-stop dihydrofolate reductase
(nsDHFR) DNA template lacking a stop codon. These reactions result in the production of
stalled ribosome complexes containing DHFR protein. When trans-translation is active, the
stalled complexes are rescued and the reactions result in “tagged” 20.4 kDa DHFR protein. In the
presence of trans-translation inhibitors, the polypeptide tag is not added, resulting in a shorter
19.2 kDa protein. These newly synthesized protein bands are detected using 35S-Methinonine, a
radiolabeled amino acid incorporated only into the newly synthesized DHFR protein.
During assay development, MRSA tmRNA-SmpB were shown to be compatible with
purchased E. coli ribosomes and translation factors. trans-Translation activity was increased by
37% after the addition of MRSA tmRNA- SmpB (Figure 3).

Figure 3: In vitro trans-translation compatibility. The protein production reactions
developed in this study demonstrate for the first time that tmRNA-SmpB from one genus
can be actively compatible with ribosomes and translation factors of another. Reactions
were tested with two different concentrations of tmRNA-SmpB, both showing the ability
to increase trans-translation activity from that inherently present due to ribosome
preparation methods.
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The two best lead compounds, KKL-35 and KKL-40, were tested using this assay. Both
compounds inhibited MRSA trans-translation in vitro. Tagging activity was decreased by 13.3%
in KKL-35 treated reactions and 22.9% in KKL-40 treated reactions (Figure 4).

Figure 4: In vitro trans-translation inhibition. 10.3 µM treated KKL-35 (lane 2) and KKL40 (lane 3) reactions both resulted in an increase in untagged DHFR band intensity. A control
reaction without inhibitor added shows maximum trans-translation activity (lane 1). A second
control reaction using DHFR template containing a stop codon and no added tmRNA-SmpB
demonstrates pure translation activity.

In vitro translation reactions without the addition of tmRNA-SmpB showed that
translation is not inhibited by either KKL-35 or KKL-40 (Figure 5a). These reactions use DHFR
template DNA containing a stop codon and, when uninhibited, result in successful translation
and formation of 19.2 kDa DHRF protein. Chloramphenicol was used as a control for translation
inhibition. The relative translation activity was quantified based on normalized band intensity
and, interestingly, it appears that translation is increased compared to the DMSO-treated control
(Figure 5b).
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Figure 5: In vitro translation. The quantified band intensities of the KKL-35 and KKL-40
treated reactions show that translation is not inhibited and is actually increased compared to
the DMSO control reaction. Inhibitors and chloramphenicol were tested at 70 µM. This assay
was only completed once, therefore, additional trials are needed to confirm these results.

Discussion
Due to the conserved nature of trans-translation, compounds suspected of inhibiting
trans-translation in E. coli were hypothesized to be effective against MRSA. These compounds
were tested using broth microdilution assays and four were shown to have outstanding inhibitory
effects. This exciting result means that these compounds have the properties necessary to enter
the bacterial cell and inhibit cell growth.
To determine if the cause of growth inhibition was due to the inhibition of transtranslation, an in vitro trans-translation assay was developed. The results of this assay show that
trans-translation and not translation is inhibited in MRSA. Because a decrease in percent tagging
is observed (Figure 4), the compounds are likely inhibiting a step that is directly involved with
the function of tmRNA, SmpB, EF-Tu or the non-stop ribosome complex and not a downstream
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result of trans-translation such as proteolysis. Nonstop complex resolution is essential for
survival, and trans-translation is the bacterial cell’s primary means of doing so. Therefore, since
these compounds target trans-translation, antibiotic resistance is likely to be slow to develop.
The trans-translation assay uses a mixture of both E. coli and MRSA components yet still
yields adequate trans-translation activity (Figure 3). This speaks to the universal nature of this
pathway and reinforces its conservation among all bacteria. However, due to the manner in
which E. coli ribosomes are prepared for the purchased kit, there is a variable amount of
endogenous trans-translation activity. More strongly conclusive evidence for the claim of transtranslation inhibition in MRSA will come from the preparation of a MRSA ribosome lysate used
in conjunction with a protein expression system lacking the E. coli ribosomes.
Chloramphenicol was used as a control translation inhibitor. This antibiotic inhibits
peptidyl transferase of the 50S ribosome.16 trans-Translation requires this activity to add the
peptide sequence which targets the nascent polypeptide for proteolysis. The results, therefore,
suggest that these compounds are not inhibiting trans-translation in this manner elsewise
translation would also be inhibited. The mechanism of action must therefore be intimately related
to the interference with the known components of trans-translation and the specific conformation
of the non-stop ribosome.
It appears that both KKL-35 and KKL-40 increase translation activity relative to an equal
amount of DMSO (Figure 5). This is consistent with the observation that the total protein content
for KKL-35 and KKL-40 treated trans-translation reactions is greater than the untreated control
(Figure 4). In some way, these compounds seem to increase translation activity yet
simultaneously decrease trans-translation activity. Additional replicates of this experiment are
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necessary to confirm the results. The mechanism of these inhibitors may one day be understood
through discovery of the molecular structures of compound-bound target molecules.
These results inspire further inquiry into the mechanism of trans-translation inhibition in
MRSA and show promise for the future development of KKL compounds as potential
antibiotics.

Materials and Methods
Compounds
Kenneth Keiler Laboratory (KKL) compounds were obtained at 1 mM in DMSO.
Compounds originated from high throughput screening conducted in collaboration with the
Genomics Institute of the Novartis Research Foundation.

Bacterial Strains
S. aureus strain MRSA USA300-NRS384 was used for MIC assays. Genomic DNA was
obtained from S. aureus strain USA300F through generous donation by Mike Mwangi, Penn
State University. Various E. coli strains were used for cloning and are detailed in the appendix,
Table 4. All strains were grown at 37°C in lysogeny broth. Antibiotics, 30 μg/mL kanamycin or
50 μg/mL ampicillin, were added to growth media when necessary.

Minimum inhibitory concentration assay
Broth microdilution assays were performed following standard protocol. 17 Bacteria were
grown overnight and the next day, diluted to OD600 = 0.001 (approximately 5 x 105 colony
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forming units (cfu)/mL). Inhibitors were added to lysogeny broth and serially diluted in 96 well
microtiter plates. Cells were added to the dilutions and the plate was incubated for 24 h at proper
growth temperature for respective strain (Table 4). The MIC was identified as the lowest
concentration of inhibitor at which no growth was observed.

Plasmids and Cloning
Two plasmids were created for this study. All plasmids and oligonucleotide primers are
detailed in the appendix, Table 3.
The first plasmid, pCDR1, contains MRSA USA300F smpB-ssrA genes in pGEM T-easy
vector (Promega). MRSA smpB-ssrA was amplified from genomic DNA using Polymerase
Chain Reaction (PCR) with MRSA F2 and MRSA R2 primers, and One Taq DNA Polymerase
(New England BioLabs). This PCR product was ligated into pGEM T-easy vector using T4 DNA
ligase (New England BioLabs) and the pGEM T-easy kit (New England BioLabs). The resulting
plasmid was named pCDR1 and transformed into E. coli DH5α. Blue-white screening on
lysogeny broth plates containing ampicillin, isopropyl-beta-D-thiogalactopyranoside (IPTG), and
5-bromo-4-chloro-3-indolyl-beta-D-galacto-pyranoside (XGal) was used to isolate cells
containing pCDR1. pCDR1 was prepared from these colonies and sequenced at the Genomics
Core Facility, University Park Pennsylvania.
The second plasmid, pCDR2, contains His tagged MRSA USA300F smpB in pET28a
vector. In this plasmid, smpB is under control of an IPTG inducible T7 RNA polymerase
promoter. MRSA smpB was amplified from pCDR1 using PCR with smpBGibF and smpBGibR
primers, and Q5 High-fidelity DNA Polymerase (New England BioLabs). pET28a was isolated
from E. coli KCK101 and restriction digested with Bam H1 and Nde1 fast digest enzymes (New
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England BioLabs). The PCR product and digested pET28a vector were ligated using TA cloning
via Gibson Assembly reaction (New England BioLabs). The resulting plasmid, named pCDR2,
was transformed into E. coli DH5α and grown on lysogeny broth plates containing kanamycin.
Colonies containing pCDR2 were harvested and plasmid content confirmed using colony PCR.

SmpB Expression and Purification
pCDR2 was transformed into E. coli expression strain KCK28-BL2IDE3 and grown in 1
L terrific broth with kanamycin. Cells were grown to OD600 = 0.6, induced with IPTG and then
harvested by centrifugation (10 min, 8000 rpm, 4°C) after 3 h. Cells were suspended in Wash
Buffer (50 mM NaH2PO4 pH 8.0, 300 mM NaCl, 20 mM imidazole). 1 mg/mL lysozyme was
added and the sample was incubated for 1 h on ice. Cells were then lysed using sonication and
cleared by centrifugation (5 min, 12000 rpm, 4°C). Cleared lysate was incubated overnight with
0.1% (v/v) Ni-NTA resin (Qiagen). The resin-lysate mixture was poured into a column and
washed with 100 bed volumes of Wash Buffer. SmpB was eluted with Elution Buffer (50 mM
NaH2PO4 pH 7.6, 300 mM NaCl, 500 mM imidazole) and detected by SDS-PAGE. Fractions
were pooled and dialyzed against Buffer A (50 mM HEPES.KOH pH7.6, 100 mM KCl, 10 mM
MgCl2, 7 mM 2-Mercaptoethanol). The SmpB sample was then added to an anion exchange
column (MonoS HR 5/5, GE Healthcare). The column was washed with Buffer A and SmpB was
eluted using a linear gradient from 100 – 1000 mM KCl. The sample was stored in 10% glycerol
at -80°C.
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tmRNA Synthesis and Purification
MRSA ssrA was amplified from pCDR1 using PCR with MRSAssrAF and
MRSAssrAR2, and Q5 High-fidelity DNA Polymerase (New England BioLabs). In vitro
transcription reactions containing 100 mM Hepes.KOH, pH 7.5, 3 mM MgCl2, 10 mM DTT, 2
mM spermidine, 30 mM NTP mix (ATP, UTP, CTP, and GTP, pH 7; Sigma), 2 U/mL inorganic
pyrophosphatase, 10 μg/mL purified PCR product, and 10 μg/mL T7 RNA polymerase were
incubated for 3 h at 37 °C. Reactions were treated with 40 U/mL DNase I and incubated at 37°C
for 10 min. Treatment was terminated by adding ethylenediaminetetraacetic acid (EDTA) (5 mM
final concentration) and incubating at 75°C for 10 min. The synthesized MRSA tmRNA was run
on a 5% denaturing Sequa Gel (National Diagnostics) and detected by UV shadowing. Bands
were cut from the gel and tmRNA eluted with Diffusion Buffer (0.5 M NH 4OAc, 1 mM EDTA,
0.2% w/v SDS) by incubating at 37°C overnight. tmRNA was precipitated by adding sodium
acetate (3 mM final concentration) and an equal volume of 200 proof ethanol. tmRNA was
pelleted (10 min, 14000 rpm, 4°C) and washed with 80% ethanol. The pellet was incubated at
room temperature for 45 min to dry and then suspended in water. tmRNA was refolded by
heating to 95°C for two minutes and slowly cooling to 4°C, then stored at -20°C. All processes
were conducted under RNase free conditions.

In vitro translation and trans-translation assays
In vitro translation was completed using PURExpress protein synthesis kit (New England
BioLabs) according to manufacturer’s protocol. Inhibitors and chloramphenicol were tested at 70
µM concentrations and DMSO at 7%. 35S-Methionine was added to the reactions to detect newly
synthesized proteins by exposure to a phosphor screen. Reactions were run on 12% SDS-PAGE,
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the gel dried and then exposed to a phosphor screen. The phosphor screen was then scanned and
band intensities quantified using ImageQuant (GE Healthcare Life Sciences).
In vitro trans-translation was tested using the same kit with the addition of purified
MRSA tmRNA and SmpB at 2 μM final concentrations. nsDHFR was used in the reactions at 40
μg/mL final concentration. nsDHFR was produced using PCR with PURExpress Universal and
DHFR Rev UTR primers and Phusion high fidelity DNA Polymerase (Thermo). Translation
controls were made with full length DHFR template (New England BioLabs). Inhibitors were
tested at 10.3 μM final concentrations. Individual band intensities were first normalized based on
area. Tagging activity was calculated as the intensity of the tagged band divided by the sum of
the intensities of both the tagged and untagged bands.
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CHAPTER 3
Bacterial Cytological Profiling

Background
Origin of procedure
The novel technique described in Joe Pogliano’s 2013 paper, “Bacterial cytological
profiling rapidly identifies the cellular pathways targeted by antibacterial molecules”, was
adapted for use in Keiler Laboratory. A bacterial cytological profiling (BCP) protocol was
developed and optimized to aid in target pathway identification for suspected trans-translation
inhibitors.

Technique fundamentals
BCP is a technique used to predict pathways targeted by antibiotics and is based on the
measurement of changes in cell morphology in response to antibiotic treatment. A special strain
of E. coli is used in this technique which has a mutated outer membrane β-barrel causing it to
become “leaky” and exaggerate the morphological changes resulting from antibiotic treatment.
The differences in cell size and shape after antibiotic treatment can be visualized using
fluorescent microscopy and quantified via image analysis software. This information is
statistically analyzed using principle component analysis (PCA), where data is manipulated in a
way that can be represented on two dimensional scatter plot. Data points representing specific
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antibiotic treatments group together and can be differentiated from other antibiotic treatment
groups in distinct areas of the scatter plot.

Results
Minimum inhibitory concentrations
MIC’s for the four lead trans-translation inhibitors were measured (Table 2). Control
antibiotics are also reported. Knowing the MIC allows for consistency between antibiotic
treatments. This means that cells are placed under similar levels of stress by each inhibitor even
though in reality some are more effective than others.
Table 2: Inhibitor activity against E. coli lptD4213

*Data represent the average and standard deviation of two independent repeats.
**All antibiotic data were obtained from source (16).
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Cell imaging
Cells treated with antibiotics or KKL compounds were imaged using fluorescent
microscopy (Figure 6). Three stains were used: FM4-64 to bind the cell membrane; DAPI to bind
DNA in living or dead cells; and Sytox Green to bind DNA in dead cells. The drastic differences
between ciprofloxacin, ampicillin and the other antibiotics are easily observed. Both
ciprofloxacin and ampicillin have elongated cell shapes but ciprofloxacin has a more condensed
nucleoid whereas ampicillin treated cells have a decondensed nucleoid region. Subtle differences
between tetracycline, rifampicin, triclosan and the untreated cells are more difficult to recognize.
Tetracycline treated cells are slightly smaller than the others and rifampicin treated cells are
slightly larger. Triclosan tends to result in the formation of pairs of incompletely divided cells.
KKL treated cells are similar in shape to the untreated control cells.

Figure 6: Antibiotic treated E. coli lptD4213 cell images. After treating cells with 5X MIC
of antibiotic for two hours, cells were fluorescently stained and visualized by microscopy.
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Bacterial cytological profiling helps eliminate major drug target possibilities
Principal component analysis of averaged cell measurements (Table 5, Appendix)
revealed clustering of the data points on a two dimensional scatter plot representing repeat
antibiotic treatments (Figure 7). Ampicillin and ciprofloxacin data points are well separated from
other antibiotics as would be expected due to their obvious morphological differences.
Rifampicin, tetracycline and triclosan begin to overlap and cannot be accurately distinguished
from one another. “Untreated” data points, representing cells treated with either water, DMSO,
or ethanol (the solvents for the antibiotics) group more tightly. KKL-compounds slightly overlap
in the control, rifampicin and tetracycline data point regions, however still appear to have a
relative territory of their own.

Figure 7: Principle component analysis plot. Cell measurements were averaged for each
treatment repeat and statistically analyzed using PCA. This technique allows the
measurements of individual treatments to be viewed on a scatter plot as a single data point.

22

A diagram (Figure 8) showing the correlation between variables and factors, and a scree
plot (Figure 9) showing the eigenvalue associated with each factor and cumulative variability of
all factors in the PCA are presented in the appendix.

Discussion
The five control antibiotics used in BCP target different cellular pathways. Ampicillin
targets penicillin-binding proteins resulting in the inhibition of cell wall peptidoglycan
synthesis.16 Ciprofloxacin targets DNA gyrase A, inhibiting DNA synthesis. 16 Tetracycline binds
to the 30S ribosomal subunit inhibiting protein synthesis. 16 Rifampicin inhibits DNA-dependent
RNA polymerase and therefore stops RNA transcription. 16 Lastly, triclosan binds bacterial
enoyl-acyl carrier protein reductase, inhibiting lipid synthesis.16
These five major processes are those inhibited by many antibiotics in current use today.
trans-Translation has never been targeted before and it was therefore hypothesized that data
points representing KKL compound-treated cells would fall into their own grouping, defining a
new class of inhibitory compounds. BCP has shown that the target of KKL compounds is likely
not the same as those of ampicillin, ciprofloxacin, triclosan, tetracycline, or rifampicin based on
the lack of completely overlapping data clusters.
This conclusion is based on the prediction that if one antibiotic acts on the same pathway
as another, cell morphology would be the same and therefore the resulting data points would
overlay completely in the scatter plot. This prediction is well supported by the fact that, although
not in this study, data points representing compounds with similar mechanisms of inhibition have
been shown by Pogliano et al. to group together on two dimensional plots.16
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It was unexpected that tetracycline, rifampicin and triclosan data points would overlap.
Limitations due to magnification and cell measuring software likely resulted in the overlap of the
rifampicin, tetracycline, and triclosan territories. It is predicted that with an increase in
technological capabilities and further optimization of the technique, these discrepancies will be
resolved and BCP will become a powerful tool used to screen suspected trans-translation
inhibitors.
With an increase in biochemical data advancing our understanding of trans-translation
inhibitors, this technique has the potential to become a tool for quickly investigating the
mechanism of action of compounds suspected of targeting trans-translation.

Materials and Methods
Antibiotics and inhibitors
Tetracycline, rifampicin, triclosan, ciprofloxacin, and ampicillin (Sigma Aldrich) were
prepared according to manufacturer recommendations. KKL compounds were obtained at 1 mM
in DMSO originating from high throughput screening conducted in collaboration with the
Genomics Institute of the Novartis Research Foundation.

Bacterial strain
E. coli lptD4213 was obtained by generous donation from Joe Pogliano, University of
California San Diego. This strain was grown in lysogeny broth at 30°C for all assays.
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Minimum inhibitory concentration assays
Broth microdilution assays were performed following standard protocol as described in
Chapter 2 Materials and Methods.

Bacterial growth and antibiotic treatment
Overnights were diluted 1:100 and grown to OD600 = 0.600 in a shaking water bath. The
culture was separated, treated with compounds at 5X MIC and incubated for 2 hours. Cells were
fluorescently stained with 1 ug/mL FM4-64, 2 ug/mL DAPI and 0.5 µM Sytox Green (Molecular
Probes/Invitrogen) and incubated for 7 min at 30°C. Cells were pelleted (1 min, 14000 rpm) and
then suspended in water.

Fluorescent microscopy and cell morphology measurements
3 µL of fluorescently stained cells were added to an agarose pad (1.2% agarose, 20% LB)
and viewed with 60X objective on a Nikon Eclipse 90i microscope. Exposure time remained
constant for every repeat of the experiment. Images were captured with a Photometrics
CoolSNAP HQ camera and analyzed using SimplePCI software version 6.6.0 (CImaging
Systems). Using quantitative fluorescence analysis, polygons were drawn around every visible
cell in the imaging field based on the membrane or nucleoid. Polygons were then measured using
ROI shapes.

Principal component analysis
Cell measurements (n>30) were averaged for each repeated treatment (Table 5,
Appendix). Statistical analysis of this data was completed using XLSTAT version 2014.4.09
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with Microsoft Excel for Windows 7. Principal component analysis using Spearman rank
correlation and unweighted variables was used to create two dimensional scatter plots of the cell
morphology measurements.

26

APPENDIX
Supplemental Information
Table 3: KKL Compounds
Abbreviation
KKL-35
KKL-10
KKL-55
KKL-40
KKL-22
KKL-96
KKL-69
KKL-52
KKL-73
KKL-66
KKL-74
KKL-87

Full Chemical Name
4-chloro-N-[5-(4-fluorophenyl)-1,3,4-oxadiazol-2-yl]benzamide
5-bromo-N-[5-(4-methoxyphenyl)-1,3,4-oxadiazol-2-yl]thiophene-2-carboxamide
3-chloro-N-(1-propyl-1H-tetrazol-5-yl)benzamide
N-[5-(4-fluorophenyl)-1,3,4-oxadiazol-2-yl]-3-(trifluoromethyl)benzamide
3-bromo-N-[5-(furan-2-yl)-1,3,4-oxadiazol-2-yl]benzamide
N-(3-bromophenyl)-5-nitrothiophene-2-carboxamide
5-bromo-N-(3-fluorophenyl)thiophene-2-carboxamide
N-[5-(4-chlorophenyl)-1,3,4-oxadiazol-2-yl]-4-(methylsulfanyl)benzamide
5-nitroquinolin-8-yl 3-(morpholin-4-ylsulfonyl)benzoate
5-chloro-N-cyclopentylthiophene-2-carboxamide
3-chloro-9H-carbazole
N-(quinolin-8-yl)thiophene-2-sulfonamide

Table 4: Bacterial strains, plasmids and oligonucleotides
Name

Description

Source

Escherichia coli
DH5α
KCK101
KCK28 - BL2IDE3
CDR1
CDR2
lptD4213

High yield transformation strain
Contains pET28a, Kanr
Expression strain
DH5α with pCDR1, Ampr
KCK28-BL2IDE3 with pCDR2, Kanr
BCP strain, increased membrane permeability

This study
This study
16

Staphylococcus aureus
MSSA NRS72
MRSA USA300-NRS384

BSL2 pathogen

Plasmids
pGEM T-easy
pET28a
pCDR1
pCDR2
PURExpress DHFR

For TA cloning of MRSA smpB-ssrA, Ampr
Expression vector, IPTG-inducible, Kanr
pGEM T-easy + MRSA USA300F smpB-ssrA, T7 promoter, Ampr
pET28a + MRSA USA300F smpB, IPTG-inducible T7 promoter, Kanr
Control plasmid included in PURExpress Kit (New England BioLabs)

This study
This study
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Oligonucleotides
MRSA F2
MRSA R2
smpBGibF
smpBGibR
MRSAssrAF
MRSAaarAR2
PURExpress Universal
DHFR Rev UTR
nsDHFR

5’-AAGTTGCTAGCAGCAATGAGGTGAGT-3’
5’-AAGTTGGTACCGCAATGCATTATCCC-3’
5’-GCCGCGCGGCAGCCATATGGCTAAGAAGAAATCACC-3’
5’-CGGAGCTCGAATTCGTTAATAACGGGCTTTCATATCG-3’
5’-GGTACCGAAATTAATACGACTCACTATAGGGGACGTTCATGGATTCG-3’
5’-TGGTGGAGACGGCGGGATTTGAACC-3’
5’-GAAATTAATACGACTCACTATAGGGAGACCACAACGGTTTCCCTCTA
GAAATAATTTTGTTTAACTTTAAGAAGGAGATATACCA-3’
5’-AAACCCCTCCGTTTAGAGAGGGGTTTTGCTAGTATCCGCCGCTCCAGAA
TCTCAAAGCAA-3’
PCR product from PURExpress DHFR

Table 5: Cell measurements

This study
This study
This study
This study
This study
This study
14
14
This study
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Figure 8: Diagram of correlation between variables and factors. This diagrams shows
each of the cell measurements in relation to the principle components F1 and F2. The
measurements are linearly transformed into the principle components which are then used to
create a two dimensional scatter plot.

Figure 9: Scree plot. Eigenvalues associated with each factor are presented along with the
cumulative variability associated with each.
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